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ABSTRACT
We introduce the Lomonosov suite of high-resolution N-body cosmological simulations
covering a full box of size 32 h−1 Mpc with low-mass resolution particles (2 × 107
h−1 M) and three zoom-in simulations of overdense, underdense and mean density
regions at much higher particle resolution (4×104 h−1 M). The main purpose of this
simulation suite is to extend the concentration-mass relation of dark matter halos down
to masses below those typically available in large cosmological simulations. The three
different density regions available at higher resolution provide a better understanding
of the effect of the local environment on halo concentration, known to be potentially
important for small simulation boxes and small halo masses. Yet, we find the correction
to be small in comparison with the scatter of halo concentrations. We conclude that
zoom simulations, despite their limited representativity of the volume of the Universe,
can be effectively used for the measurement of halo concentrations at least at the halo
masses probed by our simulations. In any case, after a precise characterization of this
effect, we develop a robust technique to extrapolate the concentration values found in
zoom simulations to larger volumes with greater accuracy. All together, Lomonosov
provides a measure of the concentration-mass relation in the halo mass range 107−1010
h−1 M with superb halo statistics. This work represents a first important step to
measure halo concentrations at intermediate, yet vastly unexplored halo mass scales,
down to the smallest ones. All Lomonosov data and files are public for community’s
use.
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1 INTRODUCTION
According to the standard ΛCDM cosmological framework,
the Universe is populated with dark matter halos which host
the most of light-emitting material (stars, hot gas). The
mass spectrum of cold dark matter halos spans over many
orders of magnitude, from the largest virialized structures
observed in the Universe with masses above 1015M, ex-
tending down to very small masses, probably as small as
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the Earth’s, i.e. 10−6M, or even less (Green et al. 2004;
Profumo et al. 2006; Diamanti et al. 2015).1
Halos lighter than ∼ 107M are most probably not
able to host stars or gas at all, thus remaining completely
dark (Efstathiou 1992; Bullock et al. 2000; Gnedin 2000;
Strigari 2013). Yet, there is a hope to detect them via grav-
itational lensing (Mao & Schneider 1998; Metcalf & Madau
2001; Chiba 2002; Xu et al. 2009; Cyr-Racine et al. 2016),
1 The precise value of this minimum halo mass is set by pro-
cesses that depend on the chosen particle physics and cosmolog-
ical models, such as free streaming of dark matter particles or
the effect of acoustic oscillations (see, e.g., Zybin et al. (1999);
Loeb & Zaldarriaga (2005)), with possible values ranging within
10−12 − 10−4M.
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dark matter particle decay or annihilation (Baltz et al. 2000;
Koushiappas et al. 2004; Diemand et al. 2005; Baltz et al.
2007; Pieri et al. 2008; Ackermann et al. 2012; Mirabal et al.
2012; Zechlin & Horns 2012; Berlin & Hooper 2014; Bertoni
et al. 2015; Schoonenberg et al. 2016; Hu¨tten et al. 2016)
or distortions in stellar velocity distribution (Carlberg et al.
2012; Feldmann & Spolyar 2015; Carlberg 2015; Ibata et al.
2016). Low-mass halos may also have an important impact
on future observations of reionization processes (Iliev et al.
2002; Ciardi & Ferrara 2005). Therefore, a precise charac-
terization of the statistical and structural properties of low-
mass halos, such as their mass spectrum or density profiles,
is needed in order to make accurate predictions for future
studies and to drive their search. Also, a better knowledge
of the low-mass halo population will potentially help in re-
fining the estimates for the so-called substructure boost fac-
tor to dark matter annihilation signals, whose exact value
can largely impact the identification of the best astrophysi-
cal targets for dark matter searches (Bergstrom et al. 1999;
Stoehr et al. 2003; Lavalle et al. 2008; Kuhlen et al. 2008;
Anderhalden & Diemand 2013a; Sa´nchez-Conde & Prada
2014; Ishiyama 2014a; Zavala & Afshordi 2016; Moline´ et al.
2017). Finally, by studying the smallest halo mass scales we
will be testing fundamental aspects of the underlying cos-
mological model.
Dark matter halos in simulations are usually charac-
terized by a spherical density profile, fitted by a Navarro-
Frenk-White (NFW) formula (Navarro et al. 1997). This
description of the density distribution has two parameters,
i.e., halo virial mass and concentration parameter. The lat-
ter is defined as c ≡ Rvir/rs, where rs is a scale radius that,
in the case of NFW, sets the transition from r−1 to r−3 in
the profile. Other fits different from NFW are often used to
describe density profiles of halos as well, e.g. the Einasto
profile (Einasto 1965; Navarro et al. 2004; Gao et al. 2008;
Dutton & Maccio` 2014).2 Analysis of parameters of millions
of halos has shown that, for a fixed mass and redshift, halos
populate only a certain range of concentrations. A depen-
dency of halo median concentration on mass and redshift is
found (Navarro et al. 1997; Bullock et al. 2001a; Eke et al.
2001; Wechsler et al. 2002; Zhao et al. 2003; Neto et al. 2007;
Gao et al. 2008; Zhao et al. 2009; Mun˜oz-Cuartas et al. 2011;
Klypin et al. 2011; Prada et al. 2012; Ludlow et al. 2014;
Diemer & Kravtsov 2015; Klypin et al. 2016).
The behavior of concentrations for intermediate-mass
halos of around 109 – 1014M is well known, while ana-
lyzing concentrations at lower and higher masses remains
a computational challenge. At the highest mass end, halos
are very rare (the mass function is nearly exponential), thus
large simulation boxes are needed while also having high
enough resolution to measure concentrations (see, however,
e.g., Klypin et al. (2016) for recent results). Simulating low-
mass (< 109 h−1 M) halos using a single test particle mass
across the simulation box results in a small box size that
becomes much smaller than the typical homogeneity scale
of the large-scale structure of the Universe, ∼100 h−1 Mpc.
2 However, it is also possible to calculate halo concentrations in a
way which does not depend on the particular choice made for the
density profile (Diemand et al. 2008a; Klypin et al. 2011; Klypin
et al. 2016; Moline´ et al. 2017).
Also, at low redshifts, nonlinear effects come to play in a
small box (Bagla & Ray 2005). Zoom-in simulations are used
to partially solve this problem. They do not suffer from non-
linearity; yet, the issue of “representativity” in the simulated
volume remains.
The concentration of halos is expected to depend on the
local environment from theory using simple considerations
(e.g., Wechsler et al. (2002)), as the concentration reflects
the density of the Universe at the time and place of halo
formation. This effect was observed to be quite weak in the
early simulations using small boxes to access low mass halos
(e.g., Maccio` et al. (2007)), but is found to be significant in
more recent works (e.g., Lee et al. (2017)). This means that
neglecting the representativity problem in the study of halo
concentrations at small mass scales is not possible.
The problem of representativity has been solved in the
past, e.g., by computing the number density fluctuations
of minihalos at the epoch of reionization (Barkana & Loeb
2004; Zahn et al. 2007; Santos et al. 2008; Alvarez et al.
2009; Mesinger et al. 2011; Ahn et al. 2015). The solution
involved, first, a quantification of the so-called halo bias (de-
pendency of halo number density on the local environment
density) and, then, the generation of a coarse large-scale den-
sity distribution which was later filled with halos according
to the earlier found bias. In this paper, we will use a similar
approach to extrapolate halo concentrations found in small
simulated volumes to larger ones.
Current progress in establishing the concentration-mass
relation for low-mass halos can be summarized as follows.
There are a few simulations available of the first halos that
were formed in the early Universe, i.e those with masses
just above the low-mass cut-off in the halo mass func-
tion. In particular, the latter was set to ∼ 10−6M in all
these simulations, being the typical masses of the micro-
halos ∼ 10−6 − 10−3M (Diemand et al. 2005; Ander-
halden & Diemand 2013a; Ishiyama 2014a). The simulations
were performed in tiny boxes of size 30–400 pc and they all
stop at very early redshifts, z ∼ 30. In addition, already
at much larger halo masses of the order of 107 − 109M,
a few halo concentration values were obtained by Sa´nchez-
Conde & Prada (2014) as a by-product from high resolution
zoom-in simulations of a Milky Way-like object (Diemand
et al. 2008a). Finally, there are also a few high-resolution
simulations of dwarf-like objects at slightly larger masses
but still below 1010M (Col´ın et al. 2004; Ishiyama et al.
2013; Hellwing et al. 2016). In short, there are no halo con-
centration results yet in the range ∼ 10−3 − 107M while
for 107 − 109M the statistics is not very representative.
See Sa´nchez-Conde & Prada (2014) for a full discussion of
current results.
The purpose of this paper is to start filling the afore-
mentioned gap in the results on halo concentrations, ∼
10−3 − 107M. As a first step, we populate the 107 −
109M halo mass range with much better statistics than
currently available using the Lomonosov new suite of cos-
mological simulations. We do so by performing new several
zoom-in simulations representative of different kinds of lo-
cal environments. We complement them with data from the
Small MultiDark Planck cosmological simulation (SMDP)
at larger halo masses (Klypin et al. 2016). Building upon
that gained from the analysis of these simulations, we then
develop a robust method of extrapolating the zoom-in con-
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Table 1. Most relevant parameters of the Lomonosov simulation
suite. (x, y, z) are the zoom region center coordinates in h−1 Mpc,
R is the radius of the zoom region at z = 1. The overdensity in
the last row has been defined with respect to the mean density of
the L512 low-resolution box.
Parameter L512 L4km L4ko L4ku
Box size (h−1 Mpc) 32 32 32 32
No. of particles 5123 40963 40963 40963
Mass res. (h−1 M) 2× 107 4× 104 4× 104 4× 104
Force res. (kpc/h) 1.5 0.2 0.2 0.2
Initial redshift 99 99 99 99
x, y, z (h−1 Mpc) - 7,18,10 12,23,11 22,12,17
R (h−1 Mpc) - 3 3 5
Overdensity 1.0 1.02 2.15 0.37
centration results to the full simulation volume with enough
confidence.
We share our results with the community by making the
most relevant simulation data of this study publicly avail-
able. This includes simulation snapshots, halo catalogs and
concentration values. We refer the interested readers to the
Skies and Universes website3 in order to access this material.
The paper is organized as follows. We describe the new
set of Lomonosov simulations in section 2, providing full
technical details of how they were ran and analyzed. In sec-
tion 3 we perform the measurement of halo concentrations in
the new simulations and study its dependence with the local
environment. We analyze data from Small MultiDark Planck
box in this section too, which provides us with additional
clues on this effect. We then correct the Lomonosov zoom-
in halo concentration results by the effects of environment
by proposing and applying our extrapolation technique in
section 4, and put the Lomonosov concentration values into
a more general context in this same section. We conclude
with summarizing our main findings in section 5.
2 THE LOMONOSOV SIMULATIONS AND
HALO SELECTION
The Lomonosov suite consists of four dark-matter-only simu-
lations run at the Lomonosov supercomputer of the Moscow
State University computer center.4 The box size of each sim-
ulation is 32 h−1 Mpc, all sharing the same Planck cosmo-
logical parameters (Planck Collaboration et al. 2014), i.e.
ΩΛ = 0.692885, Ωm = 0.307115, h = 0.6777, σ8 = 0.8288,
ns = 0.9611. The initial conditions were prepared using the
massively-parallel zoom ginnungagap public code.5 The sim-
ulations were then run using the public version of GADGET-26
(Springel 2005) starting from redshift zinit = 99 and adopt-
ing a total matter (DM+baryons) initial power spectrum
from CAMB7.
A first, low-resolution simulation was run for the full
3 http://projects.ift.uam-csic.es/skies-
universes/SUwebsite/index.html
4 http://parallel.ru
5 https://github.com/ginnungagapgroup/ginnungagap
6 http://wwwmpa.mpa-garching.mpg.de/ volker/gadget/
7 http://camb.info/
box with 5123 particles (L512). The three other high-
resolution simulations correspond to three different zoom
regions of this box with an effective resolution of 40963 par-
ticles. This gives a mass resolution of 4× 104 h−1 M. The
size of each of the zoom regions was limited by computer
time to about 5× 108 particles. The regions were chosen to
represent three different types of large-scale environment: a
region with approximately the mean density (L4km), a void
(L4ku) and an overdense region (L4ko).
The most relevant parameters of the four simulations
and corresponding zoom regions are given in Table 1. Sim-
ulation snapshots, halo catalogs and concentration values
as well as images and video visualization of the simulations
can be found at the Skies and Universes website.8 Simula-
tion snapshots were produced at redshifts 1, 1.22, 2, 3, 4, 5,
7, 9, 15, 19. The minimal redshift of the simulations was set
to one in order to reduce artefacts due to box periodicity.
We use the Rockstar halo finder (Behroozi et al. 2013)
to select halos, and define their masses, M200, as those cor-
responding to spherical overdensities equal to 200 times
the critical density, including all particles (bound plus un-
bound). The corresponding radius enclosing M200 is the halo
virial radius, R200. Inside the zoom regions, we select only
those halos which are located at least 0.5 h−1 Mpc far from
the boundary of the region, and check that halos do not con-
tain high-mass (i.e., low-resolution) particles. We refer the
reader to Appendix A for details on the Rockstar setup.
3 MEASUREMENT OF LOMONOSOV HALO
CONCENTRATIONS
For the analysis of the concentration of halos in the
Lomonosov simulations, we select all distinct halos with
more than 250 particles9 and adopt the method described in
Klypin et al. (2011); Prada et al. (2012) to measure concen-
trations. To do so, we measure Vmax, the maximal circular
velocity, and V200, the circular velocity at the virial radius.
Then, we solve the following equation for each halo to find
the concentration, c200:(
Vmax
V200
)2
=
0.216 c200
f(c200)
, f(c) = ln(1 + c)− c
1 + c
. (1)
Note that the equation (1) implicitly adopts an NFW density
profile for the Lomonosov halos. Furthermore, we use all
distinct halos found in the simulations, i.e. we do not apply
any relaxation criteria or take subhalos.
First, we check for consistency of our simulation re-
sults with those found in previous works. The concentration-
mass relation, c(M), for the Lomonosov simulations at
z = 1, 2, 5 is shown in Fig. 1. We find a systematic ∼5-
10% disagreement with the concentration results found in
the suite of MultiDark cosmological simulations at larger
8 http://projects.ift.uam-csic.es/skies-
universes/SUwebsite/index.html
9 This number represents a good compromise, as it allows us to
study the smallest halo masses that are possible to probe with
our simulations, at the same time ensuring a decent description
of the internal structure of halos (and, thus, a good measure of
their concentrations).
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Figure 1. Median concentrations and 1σ statistical errors of
Lomonosov halos at z = 1 (green), z = 2 (blue) and z = 5 (red)
as a function of mass for the four simulation runs: L512 (open
circles), L4km (crosses), L4ku (plus signs) and L4ko (diamonds).
Dotted lines correspond to the c(M) fits obtained from the Mul-
tiDark simulations for those redshifts (Klypin et al. (2016), eq.
(25)).
masses (Klypin et al. 2016). We note that this level of dis-
agreement is nevertheless comparable to the precision of the
fit to MultiDark c(M) data (see Klypin et al. (2016)).
Most notably, from Fig. 1 it can be seen that there
is a significant difference in concentrations between L4ko,
L4km and L4ku simulations at z = 1, i.e., c(M) is indeed
sensitive to the density of the environment (see also, e.g.,
Fig. 5 in Lee et al. (2017)). Due to the way these zoom
regions were selected, with overdensities of 0.37, 1.02 and
2.15 times the mean density of the L512 box, respectively,
one could expect the median c(M) averaged over the full box
to reside somewhere in between the concentration results
for L4ko and L4ku, and, probably, close to L4km. This effect
will need to be quantified in detail, as one of our goals is
to explore the c(M) relation down to very small masses –
since one cannot simulate the full box – and we find that
different zoom regions exhibit different c(M) relations. Only
then it will be possible to extrapolate halo concentrations
as measured in zoom regions to larger volumes with enough
confidence.
In order to characterize the large-scale density field, we
compute the density in cells using the cloud-in-cell (CiC)
approach from the particle data of the L512 full box sim-
ulation. We then extract the density at each halo position
using the same CiC approach. We use cells of size 8, 4, 2 and
1 h−1 Mpc. It must be noted that the existence of a mas-
sive halo inside a cell restricts the minimal density that this
can have. Indeed, for large halos, the CiC method does not
retrieve the overdensity of the environment but the overden-
sity of the halo itself. On the other hand, the larger is the
cell size, the less are the deviations from the mean density.
This is illustrated in Figure 2. We use 2 h−1 Mpc cells for the
subsequent analyses as a good compromise to maximize the
range of overdensities that we are going to probe for halos
with masses . 1011 h−1 M. It can be seen in Figure 2 that
for cell sizes of 0.5 or 1 h−1 Mpc the minimal overdensity
is ≥ 1.0 for ∼ 1011 h−1 M halos, and, while for cell sizes
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Figure 2. Minimum cell overdensity in which a halo could be
found vs. its mass for different cell sizes: 8 h−1 Mpc (pink),
4 h−1 Mpc (blue), 2 h−1 Mpc (green), 1 h−1 Mpc (red), 0.5
h−1 Mpc (cyan).
of 4 or 8 h−1 Mpc the curves are much flatter, at ∼ 1010
h−1 M the minimal overdensity is higher than in the case
of 2 h−1 Mpc cells.
Next, we group all halos in the full Lomonosov suite
(i.e., the four simulations) into 30 equal logarithmic bins
of M200 between 10
7 and 1013 h−1 M and 50 logarith-
mic bins of concentration between 2 and 80. The obtained
concentration-mass-density relation for Lomonosov halos is
depicted in the left panel of Fig. 3. This figure shows that at
low halo masses, for which there is a proper coverage of over-
density values in our simulations,10 less concentrated halos
inhabit less dense regions and vice-versa, in good agreement
with what it has been found in previous work (Lee et al.
2017) but confirmed now at even lower halo masses thanks
to Lomonosov data. Also, halos with typical concentrations
(i.e., close to the median) seem to populate the least dense
regions at a fixed mass. At the same time, as expected, the
environment density for typical halos is observed to grow
with halo mass.
In order to test the effect of numerical resolution on the
measurements of concentration dependence on mass and en-
vironment overdensity, we repeat the same analysis for two
simulations: the SMDPL simulation (Klypin et al. 2016) and
VSMDPL11. SMDPL (Small MultiDark Planck) has a box
size of 400 h−1 Mpc and a mass resolution comparable to
that of L512 (108 h−1 M). VSMDPL (Very Small Multi-
Dark Planck) has a box size of 160 h−1 Mpc and particle
mass 6.2× 106 h−1 M. Both simulations use the same cos-
mological parameters as Lomonosov. As before, we use CiC
density assignment with cell sizes of 1, 2 and 4 h−1 Mpc
to characterize the density field. The results for both VS-
MDPL and SMDPL are shown in Fig. 3. The analysis of
these results gives us more clues on the dependency of halo
concentration on the environment, and allows us to confirm
with greater confidence our findings in Lomonosov data dis-
cussed above.
In particular, one can see from the top right panel of Fig.
10 See Appendix B for further details on this statement.
11 Available at www.cosmosim.org.
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Figure 3. Top panels and bottom left: Median halo large-scale overdensities as a function of mass and concentration for the full Lomonosov
suite (top left), Very Small MultiDark Planck (top right) and Small MultiDark Planck (bottom left). All results are for z = 1. The black
solid lines represent median concentration values. Dashed and dotted lines represent, respectiverly, 2 and 3σ scatter. The abrupt transition
at M ∼ 5 × 109.5 h−1 M in the case of Lomonosov panels corresponds to the minimal mass of halos in the L512 simulation, which
possesses a different volume selection with respect to the zoom simulations and therefore same mass halos inhabit different environments
in comparison. The dot-dashed line on the top right and bottom left panels represents the median concentration from the left panel.
The white line shows the local minimum of median overdensity. Bottom right panel: Median halo concentrations as a function of mass
and large-scale overdensity as measured in 2 h−1 Mpc size cells for the full Lomonosov suite. Note that the zoom regions cover a limited
range of overdensities which is seen as an abrupt change at M ∼ 3× 109 h−1 M.
3 (VSMDPL) that, for halos with masses below ∼ 3× 1011
h−1 M, the most highly concentrated halos (which amounts
to 3% of all halos) typically inhabit overdense regions. Ha-
los with median concentrations and below inhabit regions
with median overdensity close to the mean density of the
Universe. Interestingly, the median overdensity for halos
with concentrations below the median starts to slowly in-
crease when the concentration decreases. To make this more
clear, we plot in Fig. 3 the position of the local minimum
of overdensity (white lines). For masses below ∼ 3 × 1011
h−1 M this minimum roughly coincides with the median
concentration. This demonstrates that the concentration of
low mass halos is connected with overdensity in a complex
way, and the environmental effects are important for mea-
suring these concentrations. The comparison of the results of
SMDPL and VSMDPL simulations in the same mass range
but with different numerical resolution allows us to conclude
that for the halos with more than 1000 particles the de-
scribed above trends are real and not mere artefacts.
4 HALO CONCENTRATION-MASS RELATION
Our study of the impact of the environment on the
concentration-mass relation in the zoom simulations allows
us to reliably extrapolate the zoom simulation results to the
full box by applying an appropriate correction. We follow
the next steps:
(i) We define four mass bins with edges [107, 3 ×
107, 108, 109, 1010] h−1 M.
(ii) For each mass bin we make a 2D histogram of halo
overdensities (as defined in Section 3) and logarithm of con-
centrations.
(iii) We multiply the number of haloes in each overdensity
bin by a volume correction factor, defined as below, and sum
MNRAS 000, 1–10 (2017)
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the result over all density bins to achieve the corrected 1D
distribution of concentrations.
(iv) We find the median of this binned concentration dis-
tribution by making a cumulative sum of it and using a linear
interpolation to find the 50 percentile level.
The volume correction factor is computed in the following
way. We place test particles on a uniform grid with cell size
of 0.32 h−1 Mpc. We measure CiC densities on the coarser
2 h−1 Mpc cell-size grid described in Section 3 for each test
particle and group them into bins of density. The volume
correction factor for a given density bin is the ratio between
the number of test particles in this bin belonging to the full
box and the number of those belonging only to the zoom
regions. We test our method of extrapolation in several ways,
and refer the interested reader to Appendix B for results on
our validation tests.
The corrected concentrations are presented in Table 2
together with the uncorrected concentrations originally mea-
sured in each zoom simulation volume.12 The mean correc-
tions we found with respect to the measured concentrations
in the 107−109 h−1 M halo mass range are −0.012, −0.011
and 0.03 for the mean density simulation, the overdense re-
gion, and the underdense region, respectively. We note that
in all cases the correction is small in comparison with the
scatter of halo concentrations. This allows us to conclude
that zoom simulations, despite their limited representativ-
ity of the volume of the Universe, can be effectively used for
the measurement of halo concentrations at low halo masses.
Fig. 4 summarizes our results for the concentration-
mass relation obtained from Lomonosov. In the same fig-
ure, we also put the Lomonosov simulation results into a
more general context by comparing them against results
from other simulations available at different halo mass scales
(Col´ın et al. 2004; Diemand et al. 2005; Diemand et al.
2008b; Ishiyama et al. 2013; Anderhalden & Diemand 2013b;
Sa´nchez-Conde & Prada 2014; Ishiyama 2014b; Hellwing
et al. 2016; Klypin et al. 2016). The figure resembles a simi-
lar previous compilation by Sa´nchez-Conde & Prada (2014),
this time including Lomonosov findings. More precisely, we
depict L512 concentration values and 1σ-error bars (halo-
to-halo variations), together with Lomonosov zoom regions
concentrations obtained by applying the method described
above to correct for environmental effects. We also include
in the same figure halo concentration values found in other
works from the smallest ∼10−6 h−1 M microhalos up to the
largest galaxy-cluster-size structures with masses of about
∼1015 h−1 M. Whenever needed, simulation results were
scaled down to present time by multiplying their concen-
tration values by [H(z)/H(0)]2/3. We note that this differs
from the most commonly adopted (1 + z) correction factor,
also used in Sa´nchez-Conde & Prada (2014). The new cor-
rection factor more accurately accounts for the effect of the
dark energy at late times, significantly reducing halo con-
centration with respect to that originally shown in Fig.1 of
Sa´nchez-Conde & Prada (2014) in some cases, and it has
been derived within the framework of the model proposed
by Maccio` et al. (2008) to evolve halo concentrations in a
12 We provide corrected median Vmax/V200 values and 1σ scatter
in Table C1 of Appendix C.
Table 2. Median concentrations and 1-σ scatters found in the
zoom regions before and after correcting for environmental effects.
Mass range, L4km L4ko L4ku corrected
h−1 M
107 − 3× 107 10.73+5.43−4.54 10.72+6.01−4.75 9.75+3.94−3.76 10.44+5.26−4.36
3× 107 − 108 10.19+4.89−4.06 10.27+5.17−4.29 9.22+3.21−3.39 9.89+4.60−3.89
108 − 109 9.22+3.96−3.62 9.10+4.16−3.89 8.42+2.75−2.92 8.96+3.76−3.47
109 − 1010 7.31+2.77−2.94 7.52+3.04−3.12 7.46+2.54−2.96 7.39+2.95−3.00
ΛCDM universe. The latter is a refinement of the original
model in Bullock et al. (2001b).
As already noted in Sa´nchez-Conde & Prada (2014),
there is a lack of simulation results at intermediate halo
masses, i.e. ∼10−3 – 107 h−1 M. We remind that filling
this gap with new simulation data is one of our ultimate
goals, and this work represents a first important step in this
direction. Remarkably, Lomonosov provides the best halo
statistics to date in the range ∼107 – 109 h−1 M. Indeed,
each of the Lomonosov concentration data points shown in
Fig. 4 refer to a few hundred to several thousand halos, while
the other few points previously existing in this same mass
range, also shown in the figure, were derived at most from
only a few dozen halos each (Col´ın et al. 2004; Ishiyama
et al. 2013; Sa´nchez-Conde & Prada 2014). In the high-mass
end of our Lomonosov simulations, i.e. above 109 h−1 M,
the halo statistics is still good enough to allow for some
meaningful overlap and direct comparison with results from
the MultiDark suite (Klypin et al. 2016). We also note that
the halo-to-halo scatter of Lomonosov concentrations is of
the same order of the one found in previous works, of about
0.10 dex.
It is remarkable the good agreement among the differ-
ent simulation data sets within the involved uncertainties.
We also confirm, once again, the excellent agreement of sim-
ulation data with the semi-analytical c(M) model of Prada
et al. (2012), initially calibrated for the WMAP7 cosmol-
ogy and then recently updated to the Planck cosmology
in Klypin et al. (2016). We recall that this c(M) model
is deeply rooted in the ΛCDM cosmological framework it-
self by making a full correspondence between dark matter
halo concentrations and the r.m.s. of matter fluctuations.
We note that, in order to show the c(M) relation given by
this model all the way down to 10−7 h−1 M, i.e. the mini-
mum halo mass shown in Fig. 4, we first computed the r.m.s.
of matter fluctuations directly from the matter power spec-
trum that was used to generate the MultiDark simulations13
and, then, we used this r.m.s. of matter fluctuations to de-
rive halo concentrations by adopting the relationship found
between these two quantities in Klypin et al. (2016) (their
equation (25)). The agreement between data and model is
present at all simulated halo mass scales, including a new
confirmation of the flattening of the c(M) relation at masses
below ∼1010 h−1 M. Indeed, we observe a clear departure
from the simple power-law behaviour that has been tradi-
13 But extrapolating it down to smaller halo masses with a sim-
ple power law, and placing an exponential mass cut-off at 10−12
h−1 M, i.e., well below the range shown in Fig. 4.
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Figure 4. Lomosonov median concentration values (green filled circles for L512, open circles for zoomed regions), with 1σ-error bars, in
comparison with other simulation data sets at different halo mass scales (Col´ın et al. 2004; Diemand et al. 2005; Diemand et al. 2008b;
Ishiyama et al. 2013; Anderhalden & Diemand 2013b; Sa´nchez-Conde & Prada 2014; Ishiyama 2014b; Hellwing et al. 2016; Klypin et al.
2016); see legend for specific symbols. All concentration values but those of the MultiDark suite (purple circles without error bars) and
VL-II (red triangles) were extrapolated down to z = 0 by applying the corresponding [H(z)/H(0)]2/3 correction factor; see text for
details. The solid line is the concentration-mass fit proposed by Klypin et al. (2016) for the Planck cosmology, the shaded grey region
around it representing a typical 1σ concentration scatter of 0.1 dex.
tionally reported at higher halo masses. Other c(M) models
have been recently proposed that would yield similar quali-
tative results as well, e.g., Ludlow et al. (2014); Correa et al.
(2015); Diemer & Kravtsov (2015); Ludlow et al. (2016).
5 CONCLUSIONS
In this work, we have introduced the new Lomonosov sim-
ulation suite consisting of one moderate resolution full box
simulation, with box size 32 h−1 Mpc, and three high reso-
lution zoom-in re-simulations of overdense, underdense and
mean density regions within the same box. The main pur-
pose of the simulations is to allow for accurate measure-
ments of dark matter halo concentrations at masses below
those typically achievable in large cosmological simulations.
We focus on the 107 — 1010 h−1 M halo mass range.
Achieving the high resolution that is required to resolve
well low-mass halos results in a simulated volume that is
much smaller than the typical volume needed to ensure Uni-
verse homogeneity. This fact may distort the halo median
concentration values found in simulations, since concentra-
tion is known to depend on the local environment density
(e.g. Lee et al. (2017)). We solve the potential issue of mea-
suring halo concentrations in small-volume high-resolution
simulations by simulating the three mentioned different re-
gions covering a large enough range of densities around the
mean density of the Universe.
We confirm the dependency on local environment by
making use of data not only from our Lomonosov simula-
tions, but also from the Small MultiDark Planck (Klypin
et al. 2016) and Very Small MultiDark Planck simulations14.
Indeed, we find the concentration of low-mass halos to de-
pend on the density of the environment (Fig. 3), less con-
centrated halos inhabiting less dense regions and viceversa.
Yet, we find its impact on concentration values to be small
in comparison with the scatter of halo concentrations. We
conclude that zoom simulations, despite their limited repre-
sentativity of the volume of the Universe, can be effectively
used for the measurement of halo concentrations, at least at
the halo masses probed by our simulations.
Despite the effect of environment on concentration be-
ing subdominant, we develop a novel technique to correct
and extrapolate our concentration measurements in these
zoom-in simulations to the whole volume with greater ac-
curacy. The final Lomonosov concentration results at z = 0
are shown in Fig. 4 and extend down to 107 h−1 M with
good confidence and superb halo statistics. We find an excel-
lent agreement of Lomonosov concentration values with the
c(M) model proposed by Prada et al. (2012), later updated
by Klypin et al. (2016) for the Planck cosmology. Indeed, the
combination of Lomonosov data with, very especially, data
from the MultiDark simulations at larger halo masses allows
us to confirm once again the flattening in the c(M) relation
that was expected to occur below ∼ 1010 h−1 M (Sa´nchez-
Conde & Prada 2014).
This work represents a first important step to measure
halo concentrations at intermediate, yet vastly unexplored
halo mass scales, down to the smallest ones. Now, we possess
a powerful, fully developed and tested technique to reliable
14 Available at www.cosmosim.org.
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extrapolate halo concentrations from small volumes up to
meaningful ones. In the future, we plan to apply this tech-
nique to new high-resolution simulations in order to measure
halo concentrations at even smaller scales than those probed
in this work. Note that by learning about the key structural
properties of low-mass dark matter halos we will be also
testing fundamental ΛCDM predictions for these objects in
greater detail. Also, our findings will be particularly relevant
for the dark matter search community as it will allow for a
more precise calculation of dark matter particle annihilation
fluxes (e.g. Conrad et al. (2015); Moline´ et al. (2017)).
All Lomonosov data and files are now public for com-
munity use and can be easily accessed via the Skies and
Universes website.
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APPENDIX A: ROCKSTAR HALO FINDER
SET OF PARAMETERS
In order to compare our results with those of Klypin et al.
(2016), we follow their approach to measure halo concentra-
tions as close as possible. We use version Rockstar-0.99.9-
RC3 and choose the following parameters:
STRICT SO MASSES = 1
BOUND PROPS = 0
MASS DEFINITION = ”200 c ”
Here STRICT_SO_MASSES=1 implies calculating a spherical
overdensity in the full particle distribution, not among the
FoF-selected particles, as it is done by default. However, we
note that this spherical overdensity calculation is used only
for the computation of halo masses, not for the derivation
of Vmax which is the quantity needed to measure halo con-
centrations. Thus, we insert the calculation of Vmax into the
file io/io_bgc2.c.
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Figure B1. Volume correction factor for a uniform grid size of
303 points (blue solid), 1003 (green dashed) and 2003 (red dot-
ted).
APPENDIX B: VALIDATION TESTS OF
CONCENTRATION EXTRAPOLATIONS
First, we check for convergence of the measured concentra-
tion values by selecting optimal bin sizes and uniform grid
size. We find that we need of the order of 100 cells in each
spatial dimension, see Fig. B1. As for the number of bins
needed to properly build 2D histograms of overdensity and
concentration, like those of Fig. 3 in the main text, it can be
seen from Figs. B2, B3 that ∼20 bins for both concentration
and overdensity are already enough.
We noticed that the full box simulation has cells reach-
ing overdensities up to δ > 10 while in our zoom regions this
upper value is limited to δ ∼ 5. Since the correction factor
is observed to grow as the overdensity increases, it may be
possible that the high-density regions that are missing in the
zoom simulations could be actually important in the deriva-
tion of the actual value of the correction factor. To check
this, we vary the upper overdensity edge in our extrapola-
tion method and find that it has a very small impact, see
Fig. B4; thus no additional correction is needed here. The
impact of varying the lower overdensity edge seems to be
more relevant, see Fig. B5, yet the coverage of low over-
density values in the zoom simulations is almost full. This
means that the diversity of different kinds of environment is
sufficient in our zoom simulations for a correct extrapolation
of halo concentrations to the full box.
Finally, we check our method by comparing the extrap-
olated median concentration to that of the full box in the
overlapping mass range where the L512 simulation still has
enough resolution and the zoom simulations still yield a de-
cent statistics (110 halos), i.e. 5× 109 – 1010 h−1 M. The
extrapolated value we get in this mass range is 6.95, very
close to the value of 6.90 we measure in the full box (even
too good given the low halo statistics).
We show partial results of the volume correction pro-
cedure in Fig. B6. In this Figure, histograms of overdensi-
ties are shown for the four considered mass bins before and
after applying the correction. For comparison, overdensity
histograms from the mean overdensity zoom simulation are
also shown.
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Figure B2. Extrapolated concentration values in the 107 − 108
h−1 M halo mass range as a function of number of bins in
concentration.
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Figure B3. Extrapolated concentration values in the 107 − 108
h−1 M halo mass range as a function of number of bins in
overdensity.
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Figure B4. Extrapolated concentration values in the 107 − 108
h−1 M halo mass range as a function of maximum overdensity
in the zoom regions.
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Figure B5. Extrapolated concentration values in the 107 − 108
h−1 M halo mass range as a function of minimum overdensity
in the zoom regions.
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Figure B6. Distribution of halo overdensity for four mass bins,
i.e., [107, 3× 107, 108, 109, 1010] h−1 M. From darker to lighter
gray tones, lines correspond to larger and larger halo masses. Solid
lines represent the volume-corrected distributions; dashed lines
are those found when the three zoom regions are used together;
dot-dashed are from the mean overdensity zoom region only (L4km
simulation).
APPENDIX C: VMAX/V200 FOR LOW MASS
HALOS
In Table C1, we provide the corrected median Vmax/V200
and 1σ scatter for the four considered Lomonosov halo mass
bins.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table C1. Corrected median Vmax/V200 values and associated
1σ scatter for Lomonosov halos in the full Lomonosov suite.
Mass range, Vmax/V200
h−1 M
107 − 3× 107 1.22+0.13−0.12
3× 107 − 108 1.20+0.12−0.11
108 − 109 1.18+0.10−0.10
109 − 1010 1.13+0.08−0.09
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